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a  b  s  t  r  a  c  t
Particulate  air  pollution  increases  risk  of  cancer  and  cardiopulmonary  disease,  partly  through  oxida-
tive  stress.  Traffic-related  noise  increases  risk  of  cardiovascular  disease  and may  cause  oxidative  stress.
In this  controlled  random  sequence  study,  18 healthy  subjects  were  exposed  for 3 h  to  diesel  exhaust
(DE)  at  276  g/m3 from  a passenger  car or  filtered  air,  with  co-exposure  to traffic  noise  at  48 or  75 dB(A).
Gene  expression  markers  of  inflammation,  (interleukin-8  and  tumor  necrosis  factor),  oxidative  stress  (heme
oxygenase  (decycling-1))  and  DNA  repair  (8-oxoguanine  DNA  glycosylase  (OGG1))  were  unaltered  in periph-
eral  blood  mononuclear  cells  (PBMCs).  No  significant  differences  in DNA  damage  levels,  measured  by the
comet  assay,  were  observed  after DE  exposure,  whereas  exposure  to  high  noise  levels  was  associated  with
significantly increased  levels  of hOGG1-sensitive  sites  in  PBMCs.  Urinary  levels  of  8-oxo-7,8-dihydro-
2′-deoxyguanosine  were  unaltered.  In  auxiliary  ex vivo  experiments  whole  blood  was incubated  withxidatively damaged DNA
nflammation
particles  from  the  exposure  chamber  for 3 h  without  effects  on  DNA  damage  in PBMCs  or  intracellular
reactive  oxygen  species  production  and  expression  of  CD11b  and  CD62L  adhesion  molecules  in leukocyte
subtypes.
Conclusion:  3-h  exposure  to  DE  caused  no genotoxicity,  oxidative  stress  or inflammation  in  PBMCs,
whereas  exposure  to noise  might  cause  oxidatively  damaged  DNA.
© 2015  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND. Introduction
Epidemiologic evidence shows that exposure to ambient air
ollution, especially traffic-derived, is associated with cardiopul-
onary disease and mortality [1,2]. Moreover, there is sufficient
vidence to conclude that exposure to air pollution, particulate
atter (PM) in air and diesel exhaust (DE) causes lung cancer [3,4].
Abbreviations: CD, cluster of differentiation; DE, diesel exhaust; FPG, formami-
opyrimidine DNA glycosylase; hOGG1, human 8-oxoguanine DNA glycosylase;
MOX1, heme oxygenase (decycling-1); IL8, interleukin 8; 8-oxodG, 8-oxo-7,8-
ihydro-2′-deoxyguanosine; PBMCs, peripheral blood mononuclear cells; PM,
articulate matter; ROS, reactive oxygen species; SB, strand breaks; TNF, tumor
ecrosis factor.
∗ Corresponding author at: Section of Environmental Health, Department of Public
ealth, University of Copenhagen, Øster Farimagsgade 5A, DK-1014 Copenhagen K,
enmark. Tel.: +45 35327649.
∗∗ Corresponding author. Tel.: +46 046 2220534; fax: +46 046 2224709;
obile: +46 070 1518426.
E-mail addresses: stl@sund.ku.dk (S. Loft), jenny.rissler@design.lth.se (J. Rissler).
ttp://dx.doi.org/10.1016/j.mrfmmm.2015.03.009
027-5107/© 2015 The Authors. Published by Elsevier B.V. This is an open access article unlicense (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Oxidative stress-induced genotoxicity is thought to be an impor-
tant link to carcinogenesis and has consistently been associated
with PM exposure in experimental models [5]. Similarly, elevated
levels of biomarkers of oxidative damage to DNA in leukocytes and
urine have been associated with exposure to ambient air pollution
in relevant populations [6]. DNA damage has been assessed as gua-
nine oxidation products in leukocytes either after DNA extraction,
which has an inherent risk of artifacts due to spurious oxidation,
or by the comet assay with formamidopyrimidine DNA glycosylase
(FPG) for nicking, which is considered free of such potential artifacts
[7]. Urinary excretion of 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-
oxodG) has also been widely used as a valid biomarker of oxidative
stress [8].
Combustion-driven vehicles are highly important sources of
both local air pollution and noise. The latter is poorly investigated
with respect to oxidative stress endpoints, whereas it is an impor-
tant risk factor for vascular disease [9]. A study of human subjects
exposed to airport noise overnight in their home showed endothe-
lial dysfunction, which was attenuated by administration of the
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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ntioxidant vitamin C [10]. Converging lines of evidence indicate
hat exposure to traffic noise is associated with the risk of breast
ancer [11], of which risk factors for the latter could also include
xidative stress and urinary 8-oxodG excretion [12]. Accordingly,
raffic-related air pollution and noise not only share sources, but
lso adverse health effects and these exposures might converge in
ome of the mechanistic pathways and act synergistically. Yet, lit-
le is known in terms of their short-term effects on such potential
echanistic pathways. Short-term effects of controlled exposure to
E have mainly been related to truck engines, whereas the number
f diesel powered passenger cars has been increasing rapidly. Nev-
rtheless, effects on oxidative stress and DNA damage have not yet
een included in the outcomes as well as potential interactions with
oncomitant exposure to traffic noise have not been addressed.
The overall aim of this study was to assess the effects of con-
rolled exposure to DE from a light-duty vehicle and traffic noise,
ach alone and in combination, on biomarkers of oxidative stress,
nflammatory response, and DNA damage in both peripheral blood
ononuclear cells (PBMCs) and urinary excretion of 8-oxodG. Pre-
ious observations from the same study have shown that the
E-exposure resulted in decreased lung function and increased
eukocyte counts in peripheral blood [13]. In addition, PM col-
ected in the exposure chamber was assessed for the ability to
nduce oxidative stress, DNA damage and inflammatory response
n human whole blood ex vivo in order to simulate effects after
otential translocation from the lungs to the circulation.
. Materials and methods
.1. Human exposure study
.1.1. Study population and design
Eighteen subjects (9 male and 9 female, non-smoking and 40–66
ears) were recruited for the study as further described in the sup-
lement and previously [13,14]. The study was performed after
pproval by the Regional Ethical Review Board in Sweden. All the
ubjects gave their written informed consent. The subjects were
xposed 4 times in random sequence inside a specially designed
2 m3 exposure chamber for 3 h to a reference exposure (filtered
ir with ∼2 g/m3 of PM1 (<1 m)  and 46 dB(A) traffic noise), DE
276 g/m3 of PM1 and 46 dB(A) traffic noise), traffic noise (filtered
ir with ∼2 g/m3 and 75 dB(A) traffic noise), and DE + traffic noise
276 g/m3of PM1 and 75 dB(A) traffic noise) at rest, sitting relaxed.
he traffic noise was recorded at a busy street crossing which was
imulated by the high level (75 dB(A)) representing a real-life form
f noise.
.1.2. Collection and analysis of biomarker samples
Peripheral blood samples were collected immediately before
nd after the exposure. PBMCs were isolated in Vacutainer
ell Preparation Tubes (Vacutainer® CPT Becton Dickinson A/S,
røndby, Denmark) and stored at −80 ◦C in preserving media. Urine
as collected at three occasions: immediately before and after the
xposure, as well as 20 h post-exposure, and analyzed for 8-oxodG.
The levels of DNA strand breaks (SB) and FPG- and human
-oxoguanine DNA glycosylase (hOGG1)-sensitive sites in PBMCs
ere measured by the comet assay as further described in the sup-
lement and previously [15]. We  usually find substantially higher
evels of FPG-sensitive sites than of hOGG1-sensitive sites in human
BMC samples, although the levels of FPG- and hOGG1-sensitive
ites are similar and high after treatment with the photosensitizer
o19-8022 or potassium bromate inducing specifically 8-oxodG
16–18].
The gene expression of inflammation markers (IL8 and TNF),
xidative stress (HMOX1), and DNA repair (OGG1) were measuredResearch 775 (2015) 66–71 67
in PBMCs by using RT-PCR, as described in a previous study [19].
We selected these 4 genes as most relevant for the mechanisms
of action related to inflammation, oxidative stress and possible
change in repair of potential DNA damage as seen in a study of
controlled exposure to wood smoke [20]. The eight samples col-
lected per subject precluded assessment of a wider transcriptomics
profile.
2.2. Ex vivo study
For the ex vivo tests a sample of the ultrafine (UF < 0.1 m)  frac-
tion of the DEP was collected on a polytetrafluoroethylene filter
using the same experimental set-up as in the human exposure
study as further explained in the supplement. The particles were
extracted with methanol and resuspended in ELGA® water.
Venous blood collected from an anonymous donor was  added
suspensions of DEP to final exposure concentrations of 0, 2.5, 12.5
and 25 g/mL with incubation for 3 h in the dark to mimic the
duration of the chamber study. After the exposure, whole blood
was assigned to assessment of reactive oxygen species (ROS) pro-
duction by 2′,7′-dichlorofluorescein diacetate and surface adhesion
molecules expression in terms of CD62L and CD11b in leukocytes
separated in three gates for lymphocytes, monocytes and gra-
nulocytes based on forward and side scatter to assess size and
granularity by flow cytometry, whereas DNA damage was assessed
in PBMCs by the comet assay as described for the human in vivo
exposure study. The experiment was  repeated on 3 different days.
2.3. Statistics
We used linear mixed effects models (xtmixed) to evaluate the
DE and traffic noise exposure as single factors and the interaction
between these two factors for effects on the biomarker mea-
sured after the exposure using Stata/IC software (version 13.0). The
change with 95% confidence interval related to an exposure was cal-
culated from the regression coefficient in the mixed effects model.
The ex vivo study data were analyzed using an analysis of variance
(ANOVA).
3. Results
3.1. Human exposure study
The concentration of PM1 in the air was  by mass 276 ± 27 g/m3
(mean ± 1 SD). The number size distribution peaked at 89 ± 9 nm
(geometric SD: 1.98 ± 0.12 nm), and the mass size distribution
at 195 ± 8 nm,  determined as described by Wierzbicka and co-
authors [14] from mobility number size distribution measured
continuously combined with size resolved particle effective den-
sity measurements (from DMA-APM). Analysis by transmission
electron microscopy revealed that the particles were aggregates,
consisting of monomers with a diameter of ∼30 nm [14], with the
typical aggregate structure of diesel soot. The monomers had the
typical microstructure of DEP. The soot aggregates had very little
volatile coating (<10% by mass, volatile at 300 ◦C), and the level
of coating was independent of the soot-aggregate size (classified
according to the mobility diameter changed stepwise in the range
50–400 nm), indicating that only minor condensation of organ-
ics condensed unto the soot structures after the soot-aggregates
were formed. The concentration of polycyclic aromatic hydrocar-
bons (PAHs) in the gas phase was 7.5 ± 0.2 g/m3, with less than
1% of the PAHs in the particle phase (60 ng/m3) in the air [14]. The
PM characteristics and estimated deposited dose to the lung are
summarized in Supplemental Table S1.
The results on DNA damage in PBMCs are shown in Table 1.
There was no significant interaction between DE and traffic noise
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Table  1
Levels of strand breaks (SB) and formamidopyrimidine DNA glycosylase (FPG)- and 8-oxoguanine DNA glycolase (hOGG1)-sensitive sites as well as gene expression levels
of  heme oxygenase (decycling)-1 (HMOX1), 8-oxoguanine DNA glycosylase (OGG1), interleukin 8 (IL8) and tumor necrosis factor (TNF) in PBMCs from humans before and after
exposure  to diesel exhaust (DE) and/or traffic noise.
Reference DE Traffic noise DE and traffic noise
Before After Before After Before After Before After
SB/106 base pair 0.30 ± 0.07 0.24 ± 0.06 0.32 ± 0.04 0.30 ± 0.04 0.44 ± 0.3 0.30 ± 0.04 0.30 ± 0.07 0.26 ± 0.05
FPG/106 base pair 0.65 ± 0.05 0.60 ± 0.08 0.55 ± 0.05 0.55 ± 0.05 0.58 ± 0.05 0.69 ± 0.07 0.60 ± 0.04 0.58 ± 0.05
hOGG1/106 base pair 0.08 ± 0.03 0.06 ± 0.02 0.17 ± 0.06 0.04 ± 0.01 0.14 ± 0.04 0.17 ± 0.07* 0.10 ± 0.03 0.13 ± 0.05*
HMOX1/106 18S 8.0 ± 3.8 13 ± 4.9 4.8 ± 1.5 8.5 ± 2.8 11 ± 4.6 5.9 ± 2.3 5.8 ± 1.6 9.8 ± 4.7
OGG1/106 18S 3.9 ± 1.9 5.8 ± 2.2 1.8 ± 0.35 2.5 ± 0.75 5.9 ± 3.2 2.0 ± 0.4 1.9 ± 0.4 7.2 ± 3.8
IL8/106 18S 0.3 ± 0.2 0.07 ± 0.01 0.2 ± 0.1 0.05 ± 0.02 0.21 ± 0.09 0.06 ± 0.03 0.07 ± 0.02 0.15 ± 0.07
TNF/106 18S 1.0 ± 0.4 1.6 ± 0.6 0.47 ± 0.07 0.9 ± 0.2 1.6 ± 0.68 0.56 ± 0.15 0.56 ± 0.1 0.9 ± 0.25
T
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Fig. 1. DNA damage in human PBMCs measured as strand breaks (SB), forma-
midopyrimidine DNA glycosylase (FPG-) and 8-oxoguanine DNA glycolase (hOGG1)-
sensitive sites after 3 h ex vivo exposure to diesel exhaust particles. There was  no
significant difference in levels of SB (P = 0.54), FPG- (P = 0.26) or hOGG1- (P = 0.34)
sensitive sites. The positive control (Ro19-8022 photosensitizer plus white light)he data are mean ± SEM (n = 14) reported as lesions/106 base pair.
* P < 0.05 for single factor effect of noise in mixed effects model with adjustment
xposure, or significant single factor effect of DE exposure, on lev-
ls of DNA damage in the mixed effects analysis with or without
djustment for the baseline value measured on the same day before
ntering the exposure chamber. As there was no sign of interac-
ion, the single factor effect for each of DE exposure and noise
xposure could be calculated from the regression coefficients of
he mixed effects model. The DE exposure was associated with
ery small and non-significant changes estimated as the regres-
ion coefficients for the single factor effect in the mixed effects
odel: SB 0.01 lesions per 106 basepairs (95% CI: −0.05 to 0.08),
PG-sensitive sites: −0.08 lesions per 106 basepairs (95% CI: −0.18
o 0.03) and hOGG1–sensitive sites −0.05 lesions per 106 basepairs
95% CI: −0.13 to 0.04). The exposure to high level of traffic noise
as associated with an increase of 0.11 lesions per 106 basepairs
95% CI: 0.03–0.21) in level of hOGG1-sensitive sites as regres-
ion coefficients for the single factor effect in the mixed effects
odel with adjustment for the value before entering the chamber,
hereas there were no significant effects on levels of SB (regres-
ion coefficient: −0.01 lesions per 106 basepairs (95% CI: −0.07 to
.06)) and a non-significant increase in FPG-sensitive sites (regres-
ion coefficient: 0.07 lesions per 106 basepairs (95% CI: −0.04 to
.18)).
There was no significant change in gene expression of HMOX1,
GG1, IL8 and TNF in PBMCs (Table 1), or exposure-related change
n the level of 8-oxodG in the urine (Supplemental Table S2).
.2. Ex vivo study
After collection and suspending the particles in ELGA water, the
ean aggregate hydrodynamic size of the number size distribution
as 141 ± 14 nm.  The mode peaked at 99 nm,  which is close to the
9 nm measured in the chamber room, although only the ultrafine
raction was collected. Note that the 100 nm cut-off of the particle
ampler is with respect to the aerodynamic diameter. This corre-
ponds to a cut-off of ∼160 nm with respect to mobility diameter
see supplement). The hydrodynamic size measured in suspension
nd mobility diameter measured in air are diffusion-dependent and
hould be comparable, also for non-spherical particles.
Whole blood was exposed to DEP, generated by the same vehicle
nd system as used in the chamber study. The measurement of DNA
amage in PBMCs, isolated from DEP-exposed whole blood, showed
naltered levels of DNA damage (Fig. 1). Similarly, there was  no
ignificant effect on intracellular ROS production in monocytes,
ranulocytes or lymphocytes, whereas the positive control (carbon
lack) was associated with increased intracellular ROS production
n monocytes (P < 0.039) and granulocytes (P < 0.003) (Fig. 2). There
ere unaltered expression levels of CD62L and CD11b adhesion
olecules on the membranes of monocytes, granulocytes or lym-
hocytes after exposure to DEP in whole blood (Supplemental Table
3).generated high levels of oxidatively damaged DNA. The results are mean ± SEM
(n  = 3).
4. Discussion
It has previously been shown that exposure to air pollution is
associated with elevated levels of 8-oxodG, oxidized purines and
SB in leukocytes/PBMCs as well as urinary excretion of 8-oxodG
[6]. Yet, there was a surprising lack of effect on DNA damage in
PBMCs or urine after DE exposure in the present study with 95%
confidence interval of the effect estimate excluding an increase
above 0.03 lesions per 106 basepairs for FPG- or hOGG1-sensitive
sites. Similarly, a 2-h exposure period to DE (200 g/m3) resulted
in no significant changes in systemic oxidative stress in terms of
ascorbic acid in plasma or urinary excretion of 8-oxodG and F2-
isoprostanes in subjects with metabolic syndrome [21]. Most other
previous studies have used cross-sectional or panel study designs
susceptible to confounding and none included controlled exposure
to entirely non-aged DE from solely one source [5].
Concomitant exposure to traffic-related noise and air pollution
are considered important for health effects, especially cardiovas-
cular disease, although the mutual confounding between the two
factors appeared limited in a recent review [22], in which it is
suggested that noise acts through stress responses from neural
activation or cognitive interpretation as well as disturbed sleep
J.G. Hemmingsen et al. / Mutation Research 775 (2015) 66–71 69
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sig. 2. Intracellular reactive oxygen species (ROS) production in lymphocytes, mon
he  results are fold-difference as compared to unexposed cells. Carbon black (CB, 2
atterns. Severe psychological stress, such as related to schizophre-
ia and depression, has been associated with systemic oxidative
tress including DNA damage [23,24]. Accordingly, exposure to
oise might contribute to systemic oxidative stress and not act
irectly as in the cochlea at intensity levels of no relevance for our
tudy [25]. Overnight exposure to aircraft noise with a maximum
f 60 dB showed no effect on blood cortisol, but impaired endothe-
ial function alleviated by vitamin C administration, suggesting
ystemic oxidative stress as mechanism of action [10]. Similarly,
xposure to chronic noise caused oxidative stress in cardiac tis-
ue of rats [26]. An increased risk of breast cancer associated with
hronic exposure to traffic noise was suggested related to sleep dis-
urbances [11], but oxidative stress and urinary 8-oxodG excretion
re also risk factors for breast cancer [12]. Thus, the significantly
ncreased levels of hOGG1-sensitive sites, and similarly but not
ignificant for FPG-sensitive sites in PBMCs, after the traffic noise
xposure in the combined analyses, could be an issue worthwhile
urther investigation. However, there was large variation in the lev-
ls of hOGG1-sensitive sites that had to be adjusted for and the
bservation could be due to chance.
In observational studies associating air pollution and oxidative
tress-related DNA damage the relevant exposure can be con-
iderably longer than 3 h, which might be too short to induce
easurable effects. In a similar chamber study, we have found no
ffect on the same biomarkers collected 0, 6 and 20 h after expo-
ure to 354 g/m3 of wood smoke from a well-burning stove [19]. In
nother study with a 4-h exposure to similar levels of wood smoke,
o effects were seen after another 3 h, whereas there was  upregu-
ation of OGG1 and decreased level of SB on the following morning
27]. Still, a week-lasting exposure to wood smoke in a recon-
tructed Viking age house did not alter the levels of DNA damage
n PBMCs, despite indoor PM2.5 concentrations of 700–3600 g/m3
28]. However, the characteristics of wood smoke PM depend on
urning conditions which at optimum lead to much less lung
eposition than seen for non-hygroscopic diesel and traffic-related
ltrafine particles [29]. We  have previously observed a strong
ssociation between levels of ambient ultrafine particles and SB
nd FPG-sensitive sites in PBMCs from subjects from Cotonou,
epublic of Benin [30]. Elevated levels of SB and FPG-sensitive
ites in PBMCs were also observed after 6 h of controlled expo-
ure to outdoor air from a busy street in Copenhagen, Denmark, and granulocytes after ex vivo exposure to diesel exhaust particles in whole blood.
l) was  included as a positive control. The results are mean ± SEM (n = 3).
in a chamber with average PM10 levels of 22 g/m3 and particle
counts of ∼10,000/cm3, i.e. far lower than in the present study. The
effect was  particularly associated with a 57 nm particle size mode,
considered to represent the soot fraction in DE [31]. The emissions
were also dominated by heavy duty vehicles under stop and go traf-
fic and the coarse size PM fraction had a high content of transition
metals possibly from break and road surface wear. We  have ear-
lier found that oxidative damage to DNA in PBMCs was particularly
related to personal exposure to vanadium and chromium in PM2.5
in ambient air [32]. Furthermore, the ambient air PM had significant
contributions from other engine types, energy production facilities
and long range transport, with potential DNA damaging proper-
ties. We  used a passenger car to generate DE  where the PM had
physical properties and organic fraction similar to those reported
for a heavy duty engine running in a transient cycle, but although
engine and running conditions determine physical characteristics
and chemical composition of PM,  different running conditions of
heavy duty diesel engines have induced similar adverse vascular
responses [33].
Inflammation markers, including IL-8 and TNF in plasma or
serum, have been linked to risk of cancer [34] and extensively
studied in relation to exposure to ambient air pollution showing
weak associations in with long-term population studies and often
no associations in controlled exposure studies [35]. In the present
exposure study increased counts of total leukocytes and monocytes
were found at 20 h post-exposure [13]. We  studied gene expression
of IL8 and TNF in PBMCs at the same time point as the genotoxicity
measurements. This might be too early even for gene expression
and no effect of DE or noise was  observed. Controlled exposure to
aircraft noise overnight at maximum intensity of 60 dB, showed
similarly no effect on neutrophils, IL6 or C-reactive protein levels
[10].
We also investigated ex vivo oxidative stress effects of DEP, col-
lected from the same diesel engine as the human exposure study,
as a hazard identification approach. The lack of observed effects ex
vivo does preclude effects after in vivo exposure. Population-based
studies related to air pollution more often show oxidative stress-
induced DNA damage than inflammation, whereas the opposite is
observed in vitro studies of PM [35]. Still, the collected DEP did not
generate DNA damage after 3-h exposure to 2.5–25 g/ml. Acti-
vation of leukocytes can lead to increased CD11b expression and
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ecreased CD62L expression important for vascular adhesion, but
e found no change in these or in intracellular ROS in granulo-
ytes, monocytes or lymphocytes. This was despite that carbon
lack induced intracellular ROS production in this experimental
ystem and in other cell types also increased levels of oxidatively
amaged DNA elevated mutant frequency with a spectrum related
o ROS [36–39]. We  have previously documented that combustion-
erived PM from different diesel fuels and engines, including one
mall car engine complying with the EU 2 standard, and standard
eference material of PM from diesel combustion down to concen-
rations of 2.5 g/ml increased the level of SB and FPG-sensitive
ites in lung (A549) epithelial cells [19,36,39–42]. The number size
istribution in the liquid suspension used for the ex vivo exposure
tudy was not far from that found in chamber air. Size and composi-
ion are important for intracellular ROS formation [43]. Our attempt
o mimic  part of in vivo exposure by using fresh whole blood with
ntioxidants and multiple proteins contributing to particle corona
ormation might have influenced the particle-cell interaction and
educed oxidative stress induced effects of DEP [44].
In conclusion, 3-h controlled exposure to high concentrations of
E from a passenger car with or without concomitant traffic noise
ad no effect on DNA damage or expression of oxidative stress, DNA
epair or inflammation genes in PBMCs from healthy human sub-
ects. Although, the lack of genotoxicity was supported by ex vivo
bservations of unaltered DNA damage levels in PBMCs directly
xposed to DEP, longer exposure might show effects. Increased
OGG1-sensitive sites as sign of possible genotoxic oxidative stress
fter noise exposure may  warrant further study.
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